To provide an improved understanding of the genesis of high-temperature Ag-Pb-Zn ore deposits we have obtained revised estimates for the thermodynamic properties for (Cu, Ag)10(Fe, Zn)2Sb4S13 fahlore endmember components. Calculations of aqueous solution-mineral equilibria (250°-300°C) for fahlore-bearing assemblages from Ag-Pb-Zn ore deposits from the Coeur d'Alene (Idaho, United States) and Keno Hill (Yukon Territory, Canada) mining districts demonstrate consistency between predicted and observed mineral assemblages and hydrothermal fluids based on these new estimates. These calculations confirm that much of the Ag mined from the Coeur d'Alene district was originally present in galena. They also confirm that sphalerite was typically undersaturated in fluids crystallizing Fe-rich fahlores in the Coeur d'Alene Ag-Pb-Zn ores and constrain the parameters of the fluids equilibrated with these ores to within narrow limits. For the Keno Hill deposits these calculations demonstrate that the early, high-temperature (300°-310°C) fluids (0.07 <X CO2 Fluid <0.42) were highly undersaturated with respect to graphite in the quartzite host and that only the most CO2 poor of these CO2-rich fluids represent the CO2 supercritical fluid phase at hydrostatic pressure. The calculations also concur with the results of fluid inclusion and petrologic studies, which suggest that later, lower temperature (240°-260°C) fluids were CO2 poor (X CO2 Fluid <0.01) and saturated with respect to graphite. Finally, they suggest that very Ag rich galenas (X Gn AgSbS2 >0.7 in Pb2S2-AgSbS2 galena) or their compositionally equivalent sulfosalt assemblages, diaphorite (Pb2Ag3Sb3S8) + miargyrite ([(AgSb),Pb2]S2) or diaphorite (Pb2Ag3Sb3S8) + frieslebenite (PbAgSbS3), were deposited initially in Ag-rich fahlore-bearing ores. These minerals were replaced by Ag-poor galena and epithermal Ag minerals that include acanthite, stephanite, and polybasite. † Corresponding author: e-mail, fahlore@centurytel.net 1 Fahlore is the mineral group name that takes historic precedence for this solid solution (e.g., Cronstedt, 1758; Ramdohr, 1969) whose limiting compositions, endmembers, varieties, and compositional species have been designated by a plethora of officially, and sometimes commonly, recognized terms including tetrahedite (Cu-, Fe-, and Sb-rich fahlore), tennantite (Cu-, Fe-, and As-rich fahlore), giraudite (Cu-, Zn-, and As-rich fahlore), freibergite (Ag-, Fe-, and Sb-rich fahlore), hakite (Cu-, Hg-, and Sb-rich fahlore), goldfiedite (Cu-and Te-rich fahlore), and many others (cf. Gaines et al., 1977; Spiridonov, 1984) . Following ample precedence (e.g., Ramdohr, 1969; Mosgova and Tsepin, 1983; Spirodonov and Okrugin, 1985; Ebel and Sack, 1989; Sack et al., 2005) and to preserve the concept of the group when referring to these and other isometric sulfides, selenides, and tellurides approximating the general formula M12X4Y13 (where M = Cu, Ag, Fe, Zn, Cd, Mn, Hg; X = As, Sb, Bi, Te; Y = S, Se; e.g., Gaines et al., 1977), we adopt this anglicized equivalent of the German term fahlerz (gray ore) and appropriate chemical descriptors.
Introduction
EARLY in his career, Harold C. Helgeson recognized that the key to understanding complicated geochemical processes lay in developing comprehensive theoretical models for the thermodynamic properties of aqueous fluids, kinetics of mineral reactions, and transport in porous media. Helgeson spearheaded the development of thermodynamic models and computer codes for aqueous electrolyte solutions at temperatures and pressures spanning those appropriate to modeling processes in the crust and upper mantle, models and codes that have become the backbone of modern investigations of processes of fluid-rock interaction in these venues (e.g., Helgeson, 1964 Helgeson, , 1969 Helgeson, , 1970 Helgeson, , 1991 Helgeson, , 1992 Helgeson and Kirkham, 1974a, b, 1976; Helgeson et al., 1978 Helgeson et al., , 1981 Helgeson et al., , 2009 Lichtner et al., 1986a Lichtner et al., , b, 1987 Helgeson and Lichtner, 1987; Tanger and Helgeson, 1988; Shock et al., 1989; Helgeson, 1990, 1993; Sverjensky et al., 1997) .
Here we seek to incorporate multidimensional solid solutions into the analysis of fluid mineral equilibria. In this analysis we focus on the multidimensional solid solution fahlore 1 [~(Cu, Ag) 10 (Fe, Zn, Mn, Cd, Hg) 2 (Sb, As, Bi, Te) 4 (S, Se) 13 ] and the other sulfide solid solutions with which it commonly coexists in Ag-Pb-Zn deposits, particularly galena [~Pb 2 S 2 -Ag(Sb, Bi)S 2 ] 2 and sphalerite [~(Zn, Fe)S]. Fahlore is a common constituent of epi-and mesothermal polymetallic ore deposits and a major source of Ag to the mining industry. Our interest in fahlore derives from its extensive capacity for elemental substitutions and the observations that it is often zoned in time and space (e.g., Wu and Petersen, 1977; Sack et al., 2003) and that its primary compositions may often be preserved or reconstructed (e.g., . These features make fahlore, and its assemblages, potentially an important indicator of ore-forming processes, one that may be ideal for reconstructing compositional and other parameters of fossil hydrothermal fluids.
In this contribution we combine state-of-the-art solid solution theory for sulfides in the simple system Ag-Cu-Fe-Zninto the SOLTHERM database developed by Reed and Palandri (2006) to predict compositions of fluids equilibrated with Ag-Pb-Zn ores from the Coeur d'Alene and Keno Hill districts, mining districts that have diverse fahlore compositions and have been extensively studied. In addition to predicting fluid compositions, the calculations appear to successfully predict saturation states and compositions of ore minerals, including some of those whose primary depositional compositions are never quenched (e.g., galena, . The centerpiece of these calculations is they demonstrate that compositional dimensionality of solids (e.g., fahlore) is no longer an impediment to analysis of hydrothermal mass transport and deposition, processes we plan to model in subsequent contributions.
Solutions, Minerals, and Equilibria

Mineral thermochemistry
In the course of this study we have adopted the solid solution models for sulfides and sulfosalts summarized by Sack (2000 Sack ( , 2005 and Sack and Ebel (2006) . We have, however, modified the estimates of the standard state thermodynamic properties of the four endmember components of (Cu, Ag) 10 (Fe, Zn) 2 Sb 4 S 13 fahlore (Fah) [Cu 10 Fe 2 Sb 4 S 13 , Cu 10 Zn 2 Sb 4 S 13 , Ag 10 Fe 2 Sb 4 S 13 , and Ag 10 Zn 2 Sb 4 S 13 ] and of the fictive (i.e., un-or metastable) endmember components of (Ag,-Cu) 3 SbS 3 pyrargyrite (Prg) [Cu 3 SbS 3 ], (Ag, Cu)SbS 2 miargyrite (Mia) [CuSbS 2 ], and (Zn, Fe)S sphalerite (Sph) [FeS] . Modifications to the estimates of the Gibbs energies of formation of equivalent Ag and Cu endmembers components of these phases from the simple sulfides (Ag 2 S, Cu 2 S, ZnS, FeS, and Sb 2 S 3 , Table 1 ) were made to render them more consistent with the direct experimental constraints on AgCu partitioning between fahlore and the face-centered cubic (fcc)-(Ag, Cu) 2 S solid solution of Ebel (1993) and Sack (2000) and the calorimetric constraints of Grønvold and Westrum (1986, 1987) on the simple sulfides Ag 2 S and Cu 2 S. These modifications minimize reliance on previous thermodynamic models for the mixing properties of Ag and Cu in (Ag, Cu) 2 S and polybasite (Plb) (Ag, Cu) 16 Sb 2 S 11 solid solutions. The revised estimates for the Gibbs energy of formation of the fictive, metastable FeS component of sphalerite and the respectively stable and fictive fahlore Fe endmember components Cu 10 Fe 2 Sb 4 S 13 and Ag 10 Fe 2 Sb 4 S 13 from the stable FeS endmember of the Fe(1 − x)S pyrrhotite solid solution known as troillite (Tr) and the other simple sulfides were necessary for several reasons. These include making these estimates consistent with (1) the properties of stoichiometric FeS employed in the SUPCRT92 thermodynamic algorithms of Helgeson and coworkers (Johnson et al., 1992) , (2) an empirical fit to activity-composition relations (Balabin and Sack, 2000) derived for (Zn, Fe)S sphalerite by cluster variation method (CVM) analysis, and (3) the simplifying assumption of linear temperature dependence of the Gibbs energy of formation of these components over the temperature range of interest.
With the exception of AgSbS 2 miagyrite and Ag 3 SbS 3 pyrargyrite, whose Gibbs energies of formation from the stable simple sulfides have been determined directly (Schenck et al., 1939; Verduch and Wagner, 1957) , the Gibbs energies of formation of all other multiple and fictive simple sulfide endmember components (X) of solid solutions that coexist with sphalerite (Y) in the simple system Ag 2 S-Cu 2 S-ZnS-FeSSb 2 S 3 (e.g., Fig. 1 ) may presently only be estimated indirectly by using the expressions for their chemical potentials:
,
and their linear combinations, in conjunction with constraints on phase relations and activity-composition relations (a Y X ). Sack and coworkers have performed extensive experimental
SACK AND LICHTNER
0361-0128/98/000/000-00 $6.00 1250 FIG. 1. Phase relations for ZnS sphalerite-bearing assemblages at 300°C in the system Ag2S-Cu2S-ZnS-Sb2S3 represented on the composition plane Ag2S-Cu2S-Sb2S3. Abbreviations: bcc, fcc, and hcp = bcc-, fcc-, and hcp-(Ag,Cu)2S solid solutions; Fah = fahlore; Mia = miargyrite; Plb = polybasite; Prg = pyrargyrite; Stb = stibnote (from Sack, 2005) . 
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and petrological studies of these phase relations and constructed activity-composition relations of variable reliability (cf. Sack and Ebel, 2006) . Of these models, those for fahlore (Sack, 2005) and sphalerite (Balabin and Sack, 2000) are the most reliable. The model for fahlore correctly predicts miscibility gaps found in nature (Sack et al., 2003; Chutas and Sack, 2004) . The model for sphalerite reproduces the numerous experimental constraints on its composition in low variance assemblages and it has almost negligible excess entropy, as required by the calorimetric data of Pankratz and King (1965) . Most importantly, the model accounts for the shortrange ordering of Fe and Zn in its cationic sublattice, required to explain the physical and magnetic properties of sphalerite (e.g., fig. 3 , Barton and Toulmin, 1966; Spalek et al., 1986; Furdyna, 1988; Twardowski, 1990) . Of lesser reliability are the models for polybasite (Harlov and Sack, 1994) and (Ag, Cu) 2 S solid solutions (Harlov and Sack, 1995; Sack 2000) . Difficulties with the thermodynamic model for polybasite arise from the fact that it is based on erroneous assumptions about the crystal structure of polybasite, particularly with regard to the multiplicities of the three different types of crystallographic sites on which Ag and Cu mix (e.g., Binda et al., 2006) . Potentially symptomatic of the shortcomings of the polybasite model is that it requires substantial positive deviations from ideality in the mixing of Ag and Cu in the face-centered cubic (fcc)-(Ag, Cu) 2 S solution (a solid solution with only intermediate Ag/(Ag + Cu) ratios at the temperatures of interest, for example, Fig. 1 ) to be consistent with the Ag-Cu exchange data for these phases (Harlov and Sack, 1995) . This is in sharp contrast with the near ideality of Ag-Cu mixing inferred for fcc-(Ag, Cu) 2 S from the analogous Ag-Cu exchange data for (Ag, Cu) 2 S and fahlore (Ebel, 1993; Sack, 2000) and the fahlore activity-composition model of Sack (2005) . In a subsequent contribution we will demonstrate that the phase diagram for the system Ag 2 S-Cu 2 S (Skinner, 1966 ) also requires that Ag-Cu mixing in fcc-(Ag, Cu) 2 S is nearly ideal and that Harlov and Sack (1995) also overestimated the nonideality associated with the Ag-Cu substitution in the two other (Ag, Cu) 2 S sulfide solutions of interest. These are the Cu-and Ag-substituted solutions of the stable simple sulfides Ag 2 S and Cu 2 S that are body-centered cubic (bcc) and hexagonally close-packed (hcp) modifications of acanthite and chalcolcite produced by secondorder transitions completed at temperatures of 177° and 108°C (e.g., Grønvold and Westrum, 1986, 1987) .
In our analysis the standard state properties of endmember (Cu, Ag) 10 (Fe, Zn) 2 Sb 4 S 13 fahlore components were adjusted to be internally consistent with direct experimental constraints on fahlore in Ag-Cu exchange equilibrium with fcc-(Ag, Cu) 2 S solid solutions of Ebel (1993) and Sack (2000) and the calorimetric constraints of Grønvold and Westrum (1986, 1987) under the assumption that there is no entropy change for the Ag-Cu exchange reaction:
. (2) We have adjusted the enthalpy ΔH -of reaction (2) to a value slightly greater than that employed in Sack (2005) and Sack and Ebel (2006; ΔH -= 9 .15 kJ/gfw). Using this enthalpy we have used the systematics previously established for the PlbPrg Ag-Cu exchange reaction:
, (3) and that for the corresponding upwardly adjusted value for the enthalpy of the fahlore-polybasite (Plb) Ag-Cu exchange reaction:
to revise the enthalpy of the Fah-Prg Ag-Cu exchange reaction:
.
From the calibration for this Ag-Cu exchange reaction and the previous calibrations for the β-miagyrite (β-Mia)-pyrargyrite Ag-Cu exchange reaction: ,
and the α-miagyrite (α-Mia)-pyrargyrite Ag-Cu exchange reaction: ,
we have then determined the standard state enthalpies and entropies of the reactions: ,
and .
These estimates make use of the experimental determinations of the Ag/(Ag + Cu) ratios of fahlores in the assemblage fahlore + pyrargyrite + miargyrite + sphalerite (Sph) in the system of Ebel and Sack, 1994) composed of the simple sulfides Ag 2 S, Cu 2 S, ZnS, and Sb 2 S 3 at 200°, 300°, and 400°C. Finally, we combined these results with the experimental constraints of Schenck et al. (1939) and Verduch and Wagner (1957) 
we add to the standard state enthalpy of reaction (2) onetenth of the standard state enthalpy estimated for the fahlore reciprocal reaction: ,
(ΔH -= 9.00 kJ/gfw; Sack, 2005) to obtain the enthalpy of the Ag-Cu exchange reaction:
We have then estimated the standard state enthalpy and entropy of the reaction:
To do this we have first estimated the Gibbs energies of the reactions: ,
and ,
over the temperature range of 150° to 350°C, using the familiar expressions:
and , Grønvold and Westrum (1986, 1987) by Sack and Ebel (2006) . We then added one-half of the Gibbs energies of reaction (15a) and subtracted one half of the Gibbs energies of reaction (15b) to the enthalpy of reaction (13) to obtain our estimates for the standard state enthalpy and entropy of reaction (14) 
given the calibration for the Fe-Zn exchange reaction:
, (19) and the enthalpy and entropy of formation of FeS sphalerite from troilite by the reaction:
We have obtained estimates for the enthalpy and entropy of formation of FeS sphalerite from troilite by reaction (19) by employing the expression of Balabin and Urusov (1995) 
for sphalerite coexisting with troilite and iron metal at 1 bar and between 400° and 850°C, and by using the activity-composition relations given by Balabin and Sack (2000) and by assuming that this troilite is stoichiometric FeS. The enthalpy and entropy for reaction (20) given in Table 1 
Finally, to maintain internal consistency, the enthalpies and entropies of formation of the fictive Cu endmembers have been adjusted to maintain the same standard state enthalpies and entropies of the Cu-Ag exchange reactions between fahlore, miagyrite, and pyrargyrite (reactions 5-7) that were (20) employed in deriving the standard state properties of reactions (8) and (9) from the experimental data of Ebel and Sack (1994) . The first thing that should be noted about the standard state properties given in Table 1 is that they yield estimates for the Gibbs energies of formation of Ag 10 Zn 2 Sb 4 S 13 fahlore similar to those obtained previously by Ebel and Sack (1994) and Sack (2000 Sack ( , 2005 . The similarity of these estimates is a consequence of the fact that they were all derived from the experimental constraints of Ebel and Sack (1994) on reactions (8) and (9) in the simple system Ag 2 S-Cu 2 S-ZnS-Sb 2 S 3 and the Gibbs energies of formation of AgSbS 2 miagyrite and Ag 3 SbS 3 pyrargyrite determined by Schenck et al. (1939) and Verduch and Wagner (1957) . They differ only marginally due to minor differences in their treatment of activity-composition relations and of the β to α-miargyrite transition. The same is not true for the estimates for the Gibbs energies of formation of the other endmember fahlore components Cu 10 Zn 2 Sb 4 S 13 , Cu 10 Fe 2 Sb 4 S 13 , and Ag 10 Fe 2 Sb 4 S 13 . 3 All three of these endmembers are estimated to be less stable than inferred by Ebel and Sack (1994) , with the Gibbs energy of formation being about 92, 101, and 8 kJ/gfw more positive at 400°C, respectively. The discrepancies between these estimates may be attributed to the use of an unreliable thermodynamic model for sphalerite and of equilibria involving chalcopyrite (cf. subsequent discussion of chalcopyrite) by Ebel and Sack (1994) .
The present estimates of the Gibbs energies of Cu 10 Fe 2 Sb 4 -S 13 and Ag 10 Fe 2 Sb 4 S 13 fahlores also differ markedly from those of Sack (2000 Sack ( , 2005 , both in that they predict these fahlores are much more stable (Gibbs energies respectively about 76-68 and 59-57 kJ/gfw more negative at 200°C) and have significantly less temperature dependency to their Gibbs energies. The reduced temperature dependence to the present estimates of Gibbs energies is due to the virtual equality of the entropies of formation of the equivalent Ag and Cu sulfosalts (e.g., Cu 10 Fe 2 Sb 4 S 13 and Ag 10 Fe 2 Sb 4 S 13 fahlore; Cu 3 SbS 3 and Ag 3 SbS 3 pyrargyrite) from the simple sulfides Ag 2 S (bcc), Cu 2 S (hcp), ZnS (Sph), FeS (Tr), and Sb 2 S 3 (Stb). This is consistent with the calorimetric data of Grønvold and Westrum (1986, 1987) and physical expectations. It is, however, in sharp contrast with the predictions of Sack (2000 Sack ( , 2005 . These predictions are tied directly to the erroneous polybasite model of Harlov and Sack (1994) through the assumption that the entropy of reaction (3) is zero but not tied directly to the calorimetric constraints of Grønvold and Westrum (1986, 1987) . Using this specious model, unacceptably larger differences in estimates of entropies of formation of the equivalent Ag and Cu fahlores (~15 J/K-gfw) were obtained (cf. table appendix 4, Sack and Ebel, 2006) . Finally, it is of interest that the estimates for the Gibbs energies of formation of the FeS sphalerite endmember indicate that it would become stable with respect to troilite below −79°C, and the similarity in Gibbs energies predicted for these phases is consistent with the observation that metastable FeS sphalerite is observed in nature (e.g., Bazylinski and Frankel, 1992) .
Aqueous−solid solution equilibria
Using the models for sulfides and sulfosalts described above, it is now possible to combine these relations with aqueous solution chemistry and derive constraints on both solid and aqueous solution compositions for ore-forming fluids. Aqueous−solid solution equilibria are computed by imposing simultaneous equilibrium with the solid solution endmembers. For the solid solution M(x 1 ,x 2 ,…,x N ) represented by N endmembers M i with mole fractions x i by the formula
equilibrium with an aqueous solution is described by the N simultaneous reactions: ,
where A j refers to a set of N c aqueous primary species or components of the system, and ν ji refers to the stoichiometric reaction coefficients. The corresponding mass action relations are given by:
with activity a i of the ith solid solution endmember, equilibrium constant K i (T, p), a function of temperature and pressure, and where the ion activity product Q i is defined by:
, (27) with activity a j of the jth aqueous component. Equilibrium of the solid solution M(x) may be represented in terms of the saturation index (SI i ) defined as:
, (28) with the requirement from equation (26) that at equilibrium:
for all endmembers M i . In terms of the overall stoichiometric reaction:
with equilibrium constant K(x) given by: (26), the corresponding mass action equation reads: ,
which can be written in the form: ,
at equilibrium. As examples of these relations consider the reaction of an electrolyte solution with the solid solution fahlore. It can be described by the overall reaction (with primary species written on the left-hand side) as:
Endmember reactions read: 
three of which are independent. It is clear from these reactions that the activity of water can play an important role in evaluation of the mass-action equation due to its large stoichiometric factor. The endmember log K values are computed from the reactions: 
Fluid equilibria Fluid speciation calculations were carried out using the speciation routine in the computer code PFLOTRAN (Lu and Lichtner, 2007; Hammond et al., 2008) . PFLOTRAN is programmed using object-oriented Fortran 90 with complete dynamic memory allocation. The code runs on a variety of computer architectures from laptops to massively parallel supercomputers. Recently, it has been demonstrated to scale to 2 17 processor cores on the Jaguar XT5 Cray at ORNL (Mills et al., 2009) . While this computational power is not needed here (all computations were carried out on a Mac-Book Pro), it is expected to be useful in future simulations which couple multiphase fluid flow and chemical reactions in multiple spatial dimensions. Although this code is capable of incorporating supercritical CO2, its temperature is currently limited to the range 0° to 300°C. With the exception of CO 2 , we use a Debye-Hückel activity coefficient algorithm which gives approximate results for the ionic strengths encountered in this study (<2 m). The Pitzer activity coefficient model has only a limited set of species available at the high temperatures of interest to this study and so could not be used. For equilibrium with supercritical CO 2 and NaCl brine at high pressures and temperatures the solubility correlation provided by Duan and Sun (2003) extrapolated to 300°C, and the Span and Wagner (1996) equation of state for the density and fugacity of CO 2 is used. This provides a more accurate representation compared to earlier work such as Bowers and Helgeson (1983) . The CO2 aqueous activity coefficient is calculated using the Pitzer model with coefficients listed in Duan and Sun (2003) . The activity of H2O, aw, is computed from the approximate relation (Garrels and Christ, 1965, p. 65−66) 
where the sum is over the molality of all aqueous species. To implement solid solutions into PFLOTRAN, the discrete compositional approach developed by Lichtner and Carey (2006) of the solid solution endmembers was used. Because of the approximate nature of the discretization, solid solution compositions are only determined within the step size used in the discretization. As a consequence, for example, only an approximate composition of sphalerite can be determined within the discretization interval leading to slight departures from exact equilibrium conditions. These slight differences are inconsequential to the predicted fluid composition.
For an electrolyte solution described by Nc components or primary species (excluding H2O), a set of algebraic equations representing both homogeneous and heterogeneous constraints, including stoichiometric minerals and solid solutions, can be written in the form: ,
for the total aqueous molality Ψj of the jth primary species or component with molality m j . The molalities of secondary species mi with activity coefficients γi are obtained from mass action relations of the form:
where the activity of water is explicitly indicated, corresponding to the reaction ,
with equilibrium constant K i , where ν ji represents the stoichiometric reaction coefficients. In these equations, the activity a j = γ j m j with activity coefficient γ j . These equations are subject to the solid equilibrium constraints: ,
for stoichiometric minerals, and ,
for solid solutions, where K m and K l m denote equilibrium constants for the respective stoichiometric mineral and solid solution reactions, respectively. The quantity a l m denotes the activity of the lth endmember in the mth solid solution.
It is assumed that altogether there are a total of N M mineral constraints corresponding to stoichiometric mineral reactions and endmember equilibria associated with each solid solution. For fixed temperature, pressure, and solid solution compositions, there are N c unknowns m j for the molalities of the primary species, and N M solid constraints. The variance (degrees of freedom N dof ) of the system of equations is equal to
Ag-Pb-Zn Ore Deposits
Numerical distribution of species calculations is carried out for equilibrium with both stoichiometric and fixed solid solution compositions found or conjectured to be present in AgPb-Zn ore deposits. In all cases equilibrium with respect to quartz and pyrite was imposed on the solutions at a pH of 5 with total molalities of Na + and K + consistent with fluid inclusion data and charge balanced on Cl − . Other phases that were assumed to be in equilibrium with the aqueous electrolyte solutions include fahlore, galena, siderite, and muscovite, and in some cases sphalerite, chalcopyrite, graphite, pyrargyrite, and calcite, as discussed below. The various compositions of these minerals are dictated by observations and thermodynamic constraints. 4 
Coeur d'Alene ores
The Coeur d'Alene mining district in northern Idaho is one of the most extensively studied Ag districts in the world (e.g., White, 1998) . Ag-Pb-Zn ore is concentrated in narrow, steep, west-to northwest-trending veins, many of which contain abundant Sb-rich fahlore in an assemblage that includes siderite, pyrite, galena, quartz, and sericite (muscovite) as essential constituents. Sphalerite is also observed where these fahlores are zincian. It is present only in assemblages with molar Zn/(Zn + Fe) in fahlore greater than about 0.55 in the samples from the West Chance vein of the Sunshine mine, from the Lucky Friday and Gold Hunter veins of the Lucky Friday mine, and from the Galena mine examined by Sack et al. ( , 2005 (Mitchum, 1952; Fryklund, 1964; . According to Fryklund (1964) the general order of crystallization of the common sulfides and/or sulfosalts was pyrite, arsenopyrite, sphalerite, fahlore, galena, and chalcopyrite followed by late sulfosalts such as bournonite (Bno). These sulfide stages were preceded by early silicate, Fe carbonate, and Fe oxide stages. There are, of course, numerous exceptions to this generalized sequence, such as the relative order of mineralization of fahlore and galena (e.g., fahlore + siderite veins cut galena veins in the Galena mine), and at least several of the late sulfosalts (e.g., bournonite and diaphorite) have been shown to have formed during cooling and deformation subsequent to the main hydrothermal mineralizing event(s) (cf. Sack et al., , 2005 . Isotopic data confirm that the isoclinal folding, metamorphism, and granitic plutonism associated with these event(s) were Cretaceous and that the ore-bearing veins are comprised of components scavenged from lower in the section of the Middle Proterozoic Belt Supergroup rocks that host them (Fleck et al., 2002) . Early Tertiary northwesttrending dextral faulting deformed, sheared, and displaced the ore-bearing veins up to 25 km along the Osburn fault and along related structures of the Lewis and Clark line (e.g., White, 1998; Fleck et al., 2002) .
We have chosen to develop constraints on the hydrothermal fluids that crystallized Coeur d'Alene Ag-Pb-Zn ores based on the compositional data for two of the samples from the suite of ores examined by , WC-7 and GH-5 (Fig. 2) , because these are the only samples of Coeur d'Alene Ag-Pb-Zn ores for which the primary compositions of galena and fahlore have been simultaneously bracketed. Presented in Table 2 are the equilibrium solution molalities for primary, or component, species and the total molalities of the primary component species and all secondary species (complexes) of which they are a constituents (eq 40). The individual molalities of the secondary species are given in tables in the electronic data supplement (EDS) along with activity coefficients and constraints imposed on the species. All calculations summarized in Table 2 were conducted at a pH of 5 and the ionic strength, water activity, and pressures of the gases O 2(g) , CO 2(g) , and CH 4(g) are given below the entries for the molalities. As is apparent from Table 2 and the tables in the EDS, the hydrothermal fluids are strongly complexed with
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1255 0361-0128/98/000/000-00 $6.00 1255 4 Either calcite or ankerite was used to put upper bounds on Ca 2+ concentrations in the calculations summarized in Table 2 . Neither of the carbonates actually is a main-stage mineral in these deposits, except calcite which occurs with siderite in the easternmost fahlore-bearing ores from Keno Hill (e.g., Lynch, 1989a) . In the present calculations ankerite + siderite and ankerite + calcite assemblages are very slightly stable with respect to the calcite + siderite assemblage due to the lack of explicit provision for the substitution of Fe for Ca in calcite and of Ca for Fe in siderite. These details have no significant effect on our predictions. 
which removed most of the Ag from galena (Gn), produced a population of Ag-rich fahlores in samples with high ratios of galena to fahlore, and produced virtually all of the bournonite observed in the Coeur d'Alene district. The importance of this reaction was not previously recognized, because the pervasive deformation that followed cooling of the veins has typically obliterated the delicate reaction textures produced during cooling. A case in point is the single coronal manifestation of reaction (45) observed by Sack et al. (2002, fig. 3a, b) . In this corona in a galena vein a rim of bournonite grains around a single fahlore grain is only partially preserved, with the remaining bournonite grains detached from this rim and strung along a fracture in the galena matrix.
Recognizing the petrogenetic implications of this corona texture, used reaction (45), microprobe analyses of fahlore, and detailed modal analyses to reconstruct the primary Ag/(Ag + Cu) ratios of the fahlores in these samples (cf. Fig. 2 ) and the extents to which Ag and Sb in galena had been depleted by this mechanism. We have adopted compositions similar to those reconstructed from mass-balance considerations using equation (45) and Zn/(Zn + Fe) ratios of fahlores used in constraining fluid compositions (+ and x) compared with fahlores in galena-rich and -poor samples from the Galena mine and vertical lines illustrating postdepositional enrichment of Ag in fahlores from galena-rich samples WC-7 and GH-5 from the West Chance vein of the Sunshine mine and the Gold Hunter vein from the Lucky Friday mine, respectively. Tops of vertical lines are the present average Ag/(Ag + Cu) ratios of fahlores from samples WC-7 and GH-5; bottoms of these lines are their original Ag/(Ag + Cu) ratios as inferred by mass balance from reaction (45). Open and filled circles and rectangles are for control samples lacking galena and nearby samples containing significant amounts of galena from the Galena mine; diamonds represent fahlore from two additional Galena mine samples containing significant galena (modified from Sack et al., 2005) . .010 and 0.0075, respectively, as suggested in the subsequent analyses of Sack (2005) and Sack et al. (2005) . 5 We have also chosen arbitrary temperatures, CO 2 pressures, and concentrations of Na and K in the hydrothermal fluid of 300°C, 100 bars, and 1.5 and 0.1 m, respectively, for this analysis, as these estimates are broadly consistent with the results of the fluid inclusion studies of Leach et al. (1988) and Arkadakskiy (2000) . We have also adjusted the logarithm of the equilibrium constant for chalcopyrite-fluid equilibrium upward by roughly 0.5 percent to achieve the consistency described below.
In our simulation we discovered that the most important parameter controlling the saturation index for chalcopyrite in fluids that coexist with either of the fahlores (Ag 1.1 Cu 8.9 Zn 0.8 -Fe 1.2 Sb 4 S 13 and Ag 1.0 Cu 9.0 Zn 1.6 Fe 0.4 Sb 4 S 13 ), pyrite, sericite (muscovite), quartz, siderite, and galena appears to be the mole fraction of AgSbS 2 in galena. At X Gn AgSbS 2 = 0.010 chalcopyrite is calculated to be supersaturated for all values of pH, total sulfur, and CO 2 pressures that are viable either geologically or from a computational standpoint (~4.5-5.7, 1.5-2.0 × 10 −3 m and 50-250 bars, respectively). Chalcopyrite supersaturation makes such calculated fluid compositions unreasonable, because it is at most a minor phase that is late in the paragenetic sequence or formed during recrystallization. In contrast, these parameters may be readily adjusted to achieve chalcopyrite saturation, or undersaturation, for minor upward adjustments in X Gn , chalcopyrite is calculated to be slightly undersaturated. Finally, values of X Gn AgSbS 2 between 0.010 and 0.012 are plausible from a petrologic perspective, because it has been inferred from mass-balance constraints that a minimum bound on X Gn AgSbS 2 in the original galena from a sample from the West Chance vein is about 0.01 (sample WC-7, . This sample had a primary fahlore with a slightly smaller Ag/(Ag + Cu) ratio and a similar Zn/(Zn + Fe) ratio compared to those employed here.
Interestingly, sphalerite is undersaturated in all of the solutions considered above. This is consistent with the observation that sphalerite is absent from all samples from the West Chance vein of the Sunshine and Galena mines that have fahlores with similar Zn/(Zn + Fe) ratios examined by Sack et al. ( , 2005 . Sphalerite is observed only in samples from the Galena mine containing fahlore with Zn/(Zn + Fe) ratios greater than about 0.55. In contrast, sphalerite is common in samples from the Gold Hunter vein and other samples from the Lucky Friday mine where fahlores have even higher Zn/(Zn + Fe) ratios. We have calculated the compositions of aqueous solutions in equilibrium with a fahlore with the composition inferred to be the primary one for sample GH-5 from the Gold Hunter vein, Ag 1.0 Cu 9.0 Zn 1.6 Fe 0 . 4 Sb 4 S 13 , sphalerite in Fe-Zn exchange equilibrium with this fahlore [(Zn 0.983 Fe 0.017 )S], pyrite, sericite (muscovite), quartz, siderite, and galena with a mole fraction of AgSbS 2 of 0.008, all at 300°C. The calculated equilibrium aqueous solutions are also inferred to be slightly undersaturated with respect to chalcopyrite.
Keno Hill ores
Ag-rich fahlores having compositions that approximate the formula (Ag, Cu) 10 (Fe, Zn) 2 Sb 4 S 13 with Ag/(Ag + Cu) > 0.4 are found in the Keno Hill mining district. These fahlores are an abundant constituent of Ag-Pb-Zn ores developed in fissure veins in the Mississippian, graphitic Keno Hill quartzite in the Yukon Territory of northern Canada (cf. Fig. 3 ; Lynch, 1989a; Sack et al., 2003) . These ores are from the distal part of a Cretaceous hydrothermal system that extends over 40 km outward from the Mayo Lake granitic pluton to the east and occur over roughly 20 km. Fahlore is associated with siderite, galena, pyrite, and sphalerite in these ores. These ores, and the rest of the fossil hydrothermal system, exhibit pronounced mineralogical and chemical zoning from east to west (e.g., Boyle, 1965; Lynch, 1989a) . In fahlore this compositional zoning is manifested in increasing Fe/(Fe + Zn) and Ag/(Ag + Cu) from east to west, and the average compositions of fahlores from many of these ores have Fe/(Fe + Zn) and Ag/(Ag + Cu) ratios falling between the 250° and 310°C
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1257 0361-0128/98/000/000-00 $6.00 1257 5 The actual fahlores in samples WC-7 and GH-5 contain minor quantities of As substituting for Sb, with average values of molar As/(As + Sb) of 0.037 and 0.047, respectively. These substitutions would, for example, change the equilibrium composition of the sphalerite coexisting with the fahlore from the Gold Hunter vein sample from X FeS Sph = 0.983 to X FeS Sph = 0.984; they have no material effects on our calculations.
FIG. 3.
Curves defining the composition of fahlore in the assemblage fahlore + sphalerite (Sph) + miagyrite (Mia) + pyrargyrite (Prg) in the simple system Ag2S-Cu2S-ZnS-FeS-Sb2S3 at 400°, 300°, 250°, 200°, and 170°C (Sack, 2005) compared with average Ag/(Ag + Cu) and Zn/(Zn + Fe) of fahlores from mines in the Keno Hill district (Lynch, 1989a , larger symbols), individual analyses of homogeneous and unmixed portions of a fahlore grain from the Husky Mine (Sack et al., 2003 , open and filled small circles), and the fahlore compositions used in the present calculations (+ and x). 1σ error bars on the vertical axis at Zn/(Zn + Fe) = 1 are the experimental constraints of Ebel and Sack (1994) at 400°, 300°, and 200°C. Nearly horizontal line segment in the upper-left corner indicates the termination of the Fah + Sph + Mia + Prg assemblage due to saturation with pyrrhotite (Po). Break in the 170°C fahlore isotherm represents the position of the calculated fahlore miscibility gap intersected by the Fah + Sph + Mia + Prg assemblage (modified from Sack, 2005) .
Zn/(Zn+Fe) in Fahlore
Ag/(Ag+Cu) in Fahlore F a h lo re isotherms for fahlores coexisting with sphalerite, pyrargyrite, and miargyrite in the simple system Ag 2 S-Cu 2 S-ZnS-FeSSb 2 S 3 ( Fig. 3 ; Sack, , 2005 Sack et al., 2003) . This temperature range corresponds to that established for main-stage hydrothermal mineralization of these ores based on studies of fluid inclusions in quartz and siderite (Lynch, 1989b) . From these studies Lynch (1989b) established that early, higher temperature (300°-310°C) fluids with a maximum salinity of 4.3 wt percent NaCl equiv were CO 2 rich (0.07 < X CO 2 Fluid < 0.42), whereas later, lower temperature (240°-260°C) fluids were CO 2 poor (X CO 2 Fluid < 0.01) and had salinities between 10 and 20 wt percent NaCl equiv. We have attempted to estimate compositions of fluids coexisting with these assemblages from near the east and west geographic limits of this band of fahlore-bearing Ag-Pb-Zn ore deposits. Pyrargyrite is reported to occur in ores from both of the mineralogical zones, calcite is present only in the eastern zone, and chalcopyrite is a constituent in the western ores but is conspicuously absent in the eastern ores which also contain electrum.
For our calculations we have picked fahlore compositions Ag 4.2 Cu 5.8 Zn 1.4 Fe 0.6 Sb 4 S 13 and Ag 5.6 Cu 4 . 4 Zn 0.4 Fe 1.6 Sb 4 S 13 at respective temperatures 300° and 250°C ( Table 2 ). The fahlore composition Ag 4.2 Cu 5.8 Zn 1.4 Fe 0.6 Sb 4 S 13 is slightly less Ag rich than the average fahlore from the easternmost mine, the Porcupine mine (cf. Fig. 3 ), but the actual Porcupine fahlore requires that the temperature of mineralization was greater than 300°C, so this slight downward adjustment is necessary for consistency. For the 300°C calculations we have also assumed that the fluid from which the ore crystallized had a partial pressure of CO 2 of 420 bars. This is about the partial pressure of CO 2 in a CO 2 -H 2 O mixture at 500 bars total pressure, the estimate for hydrostatic pressure according to Lynch (1989b) . Finally, we adjusted X Gn AgSbS 2 to achieve pyrargyite saturation to satisfy the equality of the chemical potentials of the components in the galena analog of reaction (8):
. (46) Pyrargyrite saturation was achieved for X Gn AgSbS 2~ 0.78, and the fluid calculated with this value of X Gn AgSbS 2 (Table 2) correctly predicts saturation with respect to the sphalerite in Fe-Zn exchange equilibrium with Ag 4.2 Cu 5.8 Zn 1.4 Fe 0.6 Sb 4 S 13 fahlore at 300°C, X FeS Sph = 0.025. In accordance with petrologic observations, the fluid is also undersaturated with chalcopyrite. Finally the calculated fluid has a X CO 2 Fluid~ 0.06 and is grossly undersaturated with respect to graphite. This value of X CO 2
Fluid is near the lower bound of the 0.07 < X CO 2 Fluid < 0.42 range reported for the early, CO 2 -rich fluid inclusions. Fluids with greater X CO 2
Fluid within this range thus presumably reflect pressures higher than hydrostatic and lower degrees of undersaturation with respect to graphite. Thus the variability of X CO 2 Fluid in these fluid inclusions might reflect in situ fluctuations from hydrostatic toward lithostatic conditions during active faulting (e.g., Lynch, 1989b; Lynch et al., 1990) . But it appears unlikely that these early fluids ever achieved lithostatic pressures or saturation with graphite as the former would appear to be unsustainable mechanically (e.g., Ingebritsen and Manning, 1999 ) and the latter would require CO 2 partial pressures of around 1.77 kbar, CO 2 partial pressures exceeding any probable lithostatic pressure.
In contrast, it appears likely that the lower temperature fluids achieved saturation with respect to graphite in the Keno Hill quartzite, as suggested by petrologic evidence (e.g., Lynch, 1989a) . For the fluid saturated with the more Fe-and Ag-rich fahlore, Ag 5.6 Cu 4 . 4 Zn 0 . 4 Fe 1 . 6 Sb 4 S 13 , at 250°C, we have imposed the constraints that it is saturated with both chalcopyrite and graphite. In accordance with the observations of Lynch (1989b) the calculated fluid (Table 2 ) has low concentrations and partial pressures of both CO 2 and CH 4 (20 and 5 bars, respectively). It is also just saturated with sphalerite in Fe-Zn exchange equilibrium with Ag 5.6 Cu 4 . 4 Zn 0 . 4 Fe 1 . 6 Sb 4 S 13 fahlore at 250°C, X FeS Sph = 0.164 at a X Gn AgSbS 2~ 0.041. However, pyrargyrite is slightly undersaturated in this fluid, suggesting that it, like the other Ag sulfosalt stephanite (Ag 5 SbS 4 , maximum thermal stability <197°C, Keighin and Honea, 1969) common in distal ores, may be later in the paragenetic sequence, if more modally abundant chalcopyrite precedes it in the sequence. Alternatively, the small degree of undersaturation of the fluid with respect to pyrargyrite may well be within the uncertainty of our calculations.
Multivariant solution
To investigate the dependence on the aqueous solution composition on pH a simple formulation of species activity in terms of pH is derived. For conditions of fixed temperature and pressure, the number of chemical degrees of freedom of the system, N dof , is defined by the difference in the number of aqueous primary species and solid phase constraints: N dof = N c -N M . For a chemically invariant system N dof = 0 and for a univariant system N dof = 1. In general a geochemical system is multivariant (N dof >1). An example of a bivariant system is the Keno Hill deposit with the equilibrium mineral assemblage listed in Table 3 . Adding the additional constraint of fixed partial pressure of CO 2 leads to a system of equations for the equilibrium state with one degree of freedom. A particularly simple solution to equations (40) to (44) can be obtained for a multivariant geochemical system in which H + is singled out as one of the independent variables and the remaining variables have neutral valence. In this analysis it is assumed that the activity of water is unity.
By numbering mineral equilibrium relations for stoichiometric solids and solid solutions for each endmember consecutively with the index k, the set of solid phase constraint equations can be expressed in the general form: ,
where j = 1, …, N c and k =1, …, N M , K k refers to the equilibrium constant for the reaction, a function of temperature and pressure, and a k denotes the activity of the solid. For stoichiometric solids a k =1. These equations provide a total of N M constraint equations for N M unknown aqueous activities a j in terms of the remaining N dof aqueous activities. Taking the base 10 logarithm of equation (47) 
To solve this equation for a set of N M independent variables log a j equal to the number of constraints, we first rewrite these equations in the form:
where it is assumed that the species are reordered, if necessary, so that the first N M species correspond to the unknown aqueous activities. The sum on the left-hand side runs over the N M unknown activities a j , and the sum on the right-hand side is overknown or fixed quantities. The quantities log a l appearing on the right-hand side are equal to the number of chemical degrees of freedom of the system. The quantities b k are defined by: ,
in general a function of temperature, pressure, and solid activity indicated by x but independent of aqueous activities. Since, by construction, the submatrix ν jk appearing on the left-hand side of equation (49) is a square nonsingular matrix, it may be inverted to yield:
. (51) Singling out H + on the right-hand side leads to the modified equation:
It follows from charge conservation that the charge z j on the jth primary species satisfies the equation: ,
since each stoichiometric solid or solid solution endmember has zero charge. Since, by assumption z l = 0, this equation reduces to:
Hence, solving for z j yields the expression:
With this result it follows that:
where the last relation is obtained by substituting pH = − log a H + . Thus the base 10 logarithms of the aqueous activities are linear functions of the pH with slope equal to the negative of the species valence. The intercept is determined by the equilibrium constant, solid solution activity, and values for the known aqueous activities a l . For neutral species (e.g. CO 2 , H 2 S, Sb(OH) 3 , ...), the aqueous activity a j is independent of pH. The Keno Hill deposit results are shown in Figure 4 for a temperature of 300°C with aqueous solution activities plotted as a function of pH, with the equilibrium mineral assemblage listed in Table 3 , and with a fixed CO 2 partial pressure of 420 bars. Only a subset of the complete set of aqueous species is considered: the species Al 3+ , Ca 2+ ,K + , Na + , SiO 2(aq) , and Cl − are not coupled to mineral equilibria considered in the analytical solution. The results are in agreement with the numerical solution given in Table 2 .
Discussion
It is appropriate to briefly comment further here about the range of fluid compositions that are consistent with the observed mineral assemblages, the restrictions they place on petrogenesis and the nature of postdepositional changes in the composition and nature of the minerals in these deposits. It is also appropriate to comment on improvements in the mineral thermochemical database that will be necessary for extension of these calculations to a wider range of compositions, temperatures, and pressures. And finally, we will outline some of the mass transfer calculations that we will undertake subsequently.
Range of solution composition
According to the analytical solution given in equation (56), metal concentrations decrease with increasing pH, the slope in activity given by the negative of the metal valence. The pH
itself is unconstrained by mineral equilibria. However, the actual range of pH values possible is considerably smaller than that shown in Figure 4 and the pH values are restricted by reasonable solution ionic strengths to less than approximately seven depending on CO 2 partial pressure. At high CO 2 partial pressures, a further increase in pH is not possible, because this would require fluid compositions of inordinately high ionic strength (i.e. excessively large concentrations of Na + and other cations to charge balance very HCO -3 -rich solutions). At the lower pH range the presence of calcite limits the acidity of the solution.
Postdepositional changes
We have noted previously that it is important to recognize that both mineral compositions and assemblages may undergo significant postdepositional changes and that correcting for these changes is prerequisite to developing accurate quantitative models for ore deposition. In the case of the Coeur d'Alene deposits, fahlores were enriched in Ag by reaction (45). This reaction has also been shown to have operated in fahlores in Peruvian fissure vein deposits (e.g., Sack and Goodell, 2002) and is certainly a common mechanism that removes AgSbS 2 from galena in other fahlore-bearing deposits in which bournonite appears late in the paragenetic sequence. However, reaction (45) is but one of many mechanisms by which the readily soluble elements Ag and Sb are redistributed when they are rejected from the galena lattice during cooling. Thus it is clearly necessary to establish the extent to which such mechanisms have operated in individual samples before we may discover the causes of the compositional zoning observed in such deposits (e.g., Hackbarth and Petersen, 1984) .
Some of the other mechanisms by which AgSbS 2 is redistributed when it is expelled from galena during cooling have been discussed by Lueth et al. (2000) , Sack and Goodell (2002) , and many others. For example, in the Bi-rich polymetallic fissure-vein deposits of Julcani, Peru (Goodell, 1970; Deen et al., 1994) , the primary, high-temperature Ag-rich galenas (X Gn Ag(Sb,Bi)S 2 > 0.8) crystallized in an Ag bonanza zone. These galenas subsequently disproportionated into Ag-poor galena, aramayoite Ag(Sb,Bi)S 2 , pyrargyrite, and a newly discovered Bi analog of diaphorite, Bi-diaphorite (~Pb 2 Ag 3 (Bi, Sb) 3 S 8 ), during cooling of the deposit (Sack and Goodell, 2002) . It is less clear what happened to the AgSbS 2 that was enriched in the primary galenas from the Keno Hill district. Indeed, it would appear that some primary galenas had X Gn AgSbS 2 greater than the value AgSbS 2 of 0.78 calculated for the zincian Ag fahlore Ag 4 . 2 Cu 5.8 Zn 1.4 Fe 0.6 Sb 4 S 13 because more Ag-rich fahlores are found in the deposits (cf. Fig. 3 ; Sack, 2005, fig. 6 ). In addition there is the possibility that less AgSbS 2 rich galenas may be metastable with respect to sulfosalt assemblages composed of Pb-bearing β-miargyrite and Table 2 in which the activity of water is not unity. Note that horizontal lines for Sb(OH)3 and H2S overlap. diaphorite or diaphorite and freislebenite (PbAgSbS 3 ) at temperatures less than 350°C (e.g., Hoda and Chang, 1975) , and that these Pb 2 S 2 -AgSbS 2 minerals crystallized instead of galena in primary ores with less Ag-rich fahlores. But, none of these minerals appear to have survived cooling and alteration. Even stable, lower temperature less Ag-rich galenas (e.g., Chutas et al., 2008, fig. 7 ), such as the galena with X Gn AgSbS 2 0.041 calculated to coexist with Ag 5.6 Cu 4.4 Zn 0.4 Fe 1.6 Sb 4 S 13 fahlore, chalcopyrite, and sphalerite at 250°C, have not survived cooling. Most likely the Ag and Sb that were in such galenas or these Ag and Sb sulfosalts were redistributed into epithermal Ag-and Sb-bearing minerals such as the wire Ag, polybasite and stephanite (Ag 5 SbS 4 ) common in the distal AgPb-Zn ores from the Keno Hill district (Lynch 1989a) .
Future refinements and hyperspace extensions
An obvious deficiency in our analysis is the absence of explicit provision for diaphorite and freislebenite and other sulfosalt minerals that may be late in hydrothermal paragenetic sequences or may be produced as a consequence of elemental redistribution during postdepositional cooling, recrystallization, and/or deformation (e.g., polybasite, bournonite, stephanite, boulangerite [Pb 5 SbS 11 ], jamesonite [Pb 4 FeSb 6 S 14 ]). This needs to be rectified before we can develop a more generalized analysis of solution-mineral equilibria in polymetallic base and precious metal deposits. It is also obvious that the chemical systems considered must be expanded to include Au, As, and Bi at a minimum. Although there are adequate solid solution models for many of the important minerals in such an expanded chemical system (e.g., (Cu, Ag) 10 (Fe, Zn) 2 (Sb, As) 4 S 13 fahlore, Sack, 2005 ; Ag 5 (Sb, Bi) 5 S 10 aramayoite and (Sb,Bi) 2 S 3 stibnite-bismuthinite, Ghosal and Sack, 1999 ; Ag(Sb, Bi)S 2 -Pb 2 S 2 galena, Ghosal and Sack, 1999; Chutas, 2004; Chutas et al., 2008) , equally obvious deficiencies are apparent (e.g., [(AgSb), Pb 2 ]S 2 β-miargyarite) and standard state properties are not well known, at least for Asbearing endmember components. Finally, there is critical need to refine the thermodynamic properties of several of the phases in the present database. Most conspicuously, these include chalcopyrite and the fast-ion conductors bcc-(Ag, Cu) 2 S and hcp-(Cu, Ag) 2 S whose Ag 2 S and Cu 2 S endmembers are stable relative to the minerals acanthite and chalcocite above 177° and 108°C, respectively.
Chalcopyrite complexities
It was noted above that an upward adjustment of roughly 0.5 percent in the logarithm of the equilibrium constant for chalcopyrite-fluid equilibrium was necessary to render chalcopyrite to be slightly undersaturated in the hydrothermal fluids equilibrated with the Coeur d'Alene samples whose primary fahlore and galena compositions had been established by mass balance. This adjustment is well within the bounds of error in the thermodynamic properties of stoichiometric chalcopyrite and is surprisingly small considering the fact that chalcopyrite extends from its ideal, nominal formula CuFeS 2 to as far as Cu 0.9 Fe 1.1 S 2 when it is saturated with pyrite at 350°C (e.g., Cabri, 1973; Sugaki et al., 1975) , a mineral ubiquitous in the Keno Hill and Coeur d'Alene ores. Such stoichiometric improprieties in chalcopyrite are further compounded by the substitution of Ag for Cu. The calibration of the thermodynamic properties of chalcopyrite solid solutions is a critical prerequisite to the development of models of mineral-fluid equilibria in Aubearing systems crystallizing fahlore. Without this development models of electrum-fluid equilibria cannot be rendered internally consistent with equilibrium constraints on the composition of electrum imposed by mineral assemblages such as the important fahlore + chalcopyrite (Cpy) + pyrite (Pyr) + electrum (Elec) assemblage. This assemblage determines the composition of (Au, Ag) electrum by the reaction:
Although this reaction has been experimentally, theoretically, and petrologically calibrated and tested (e.g., White et al., 1957; Ebel and Sack, 1989, 1991; Sack and Brackebusch, 2004; Sack, 2005) , the calibration is currently not useable in the analysis of mineral-fluid equilibria in an Au-bearing system. This is because neither the compositions of chalcopyrite nor the thermodynamic activities of the chalcopyrite component are constrained in this calibration.
Fast-ion conducting sulfides
An equally, if not more, vexing issue that must be adequately addressed is the thermodynamic solution properties of the fast-ion conducting sulfides bcc-(Ag, Cu) 2 S and hcp-(Cu, Ag) 2 S (e.g., Yokato, 1966; Okazaki, 1967; Cava et al., 1980 Cava et al., , 1981 Grønvold and Westrum, 1986, 1987) . Over their temperature ranges of stability the Cu 2 S and Ag 2 S endmembers of these fast-ion conductors (103°−435° and 177°− 592°C, respectively), which are the high-temperature replacements of the minerals acanthite and chalcocite, exhibit roughly linear decreases in heat capacity (roughly 8.9 and 2.4 J/K mol, Grønvold and Westrum, 1986, 1987) . At temperatures greater than about 119°C the bcc-(Ag, Cu) 2 S and hcp-(Cu, Ag) 2 S solid solutions coexist with the fcc-(Cu, Ag) 2 S solid solution, undergoing first order transformations to the fcc endmembers at high temperature (e.g., Skinner, 1966; Grøn-vold and Westrum, 1986, 1987) . The properties of these fastion conductors must be assessed in order to render the Gibbs energies of formation of complementary Ag and Cu phase components internally consistent with Ag-Cu exchange equilibria over the temperature range where the Ag and Cu fastion conductors are the stable simple sulfides. This need arises because the differences in heat capacities between bcc-and fcc-Ag 2 S and hcp-and fcc-Cu 2 S can only be determined at their transition temperatures, because none of these phases may be quenched outside of their temperature ranges of stability (e.g., Skinner, 1966) . Therefore, it is not possible to evaluate unambiguously the Gibbs energy difference between Ag and Cu endmember components from Ag-Cu exchange equilibria between sulfosalts and (Ag, Cu) 2 S solutions using equations (16a) and (16b) without making arbitrary assumption about the temperature dependencies of these differences in heat capacities. Alternatively, if the thermodynamic mixing properties of the bcc-, fcc-, and hcp-(Ag, Cu) 2 S solutions are known or can be evaluated from Ag-Cu exchange equilibria with other Ag-Cu phases, then the ΔG 
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terms appearing in equations (16a) and (16b) can be evaluated from Skinner's (1966) T − X brackets on the transition loops and the equivalent expressions ,
Although a myriad of constraints have been employed in attempts to constrain activity-composition relations in fcc-, bcc-, and hcp-(Ag, Cu) 2 S (e.g., Harlov and Sack, 1995; Sack, 2000 ; our work in progress), these efforts have not, as yet, been wholly successful, at least for bcc-(Ag, Cu) 2 S. These analyses do suggest, however, that the assumptions made here could be an excellent first approximation.
Genesis of ore-bearing fluids
Future work will attempt to predict the observed fahlore compositions through inverse modeling to obtain the composition of the infiltrating fluid using both reaction path and flow and transport continuum models. Solid solutions will be incorporated into the models using the kinetic discrete-composition method introduced by Lichtner and Carey (2006) .
Another aspect of these deposits that deserves more consideration is that they involve in addition to hydrothermal brines, supercritical CO 2 and methane. These deposits contain massive quantities of the solid solution siderite [(Fe, Mg) CO 3 ] as a result of reaction with graphite (Keno Hill) and possibly diagenetic calcite and ankerite, but apparently no other carbonates have been observed presumably due to the relatively low pH. For example, at Coeur d'Alene massive siderite deposition is found in zones extending tens to hundreds of meters wide surrounding ore-bearing veins. As a result of the high CO 2 pressure these deposits could provide insight into the processes involved in CO 2 sequestration in deep geologic formations.
Conclusions
In the spirit of Harold C. Helgeson, we have attempted to provide quantitative models for hydrothermal fluid-mineral equilibria in polymetallic ore systems. Our emphasis has been on incorporating models for the common sulfide and/or sulfosalt solid solutions that are deposited initially. We have demonstrated that the basic elements of our analysis pass rigorous field tests. In the near future we will employ our constraints on these hydrothermal fluid-mineral equilibria in inverse models to calculate metal zoning for polymetallic ores produced under a variety of scenarios. We will also continue to explore the extensive roles that postdepositional processes play in modifying the mineralogical make-up of polymetallic sulfide ores.
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